A Synechocystis LexA-orthologue binds direct repeats in target genes  by Patterson-Fortin, Laura M. & Owttrim, George W.
FEBS Letters 582 (2008) 2424–2430A Synechocystis LexA-orthologue binds direct repeats in target genes
Laura M. Patterson-Fortin, George W. Owttrim*
Department of Biological Sciences, University of Alberta, Edmonton, Alberta, Canada T6G 2E9
Received 16 May 2008; revised 3 June 2008; accepted 4 June 2008
Available online 13 June 2008
Edited by Richard CogdellAbstract Although evidence for LexA-orthologues, which do
not regulate DNA damage repair, is accumulating, identiﬁcation
of binding sites and regulon members remains poorly character-
ized. In the cyanobacterium, Synechocystis sp. strain PCC 6803,
we have recently identiﬁed a LexA-related protein that regulates
expression of the crhR RNA helicase gene. Here we show that
the Synechocystis LexA-orthologue binds as a dimer to 12 bp di-
rect repeats containing a CTA-N9-CTA sequence conserved in
two target genes, lexA and crhR. Characterization of this site
provides the basis for identiﬁcation of additional LexA targets
and further evidence for LexAs divergence during evolution.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Escherichia coli LexA is a well established transcriptional
repressor of the SOS DNA damage repair response [1]. In
E. coli, LexA represses expression of 31 unlinked genes includ-
ing itself and that of its co-protease RecA under normal
growth conditions by binding and blocking RNA polymerase
access to regulated promoters [1–3]. Derepression of the LexA
regulon proceeds via an intramolecular self-cleavage reaction
requiring a catalytic serine nucleophile, basic lysine residue
and an alanine–glycine cleavage bond [4,5]. LexA self-cleavage
inactivates its ability to bind a conserved inverted repeat se-
quence, CTGT (AT)4 ACAG, found within the promoter re-
gions of regulon members [2,6].
LexA homologues have been characterized in a wide variety
of bacterial species. These homologues are structurally related
to the E. coli protein and are also involved in regulating cellu-
lar responses to DNA damage [7–9]. Recently, a novel physio-
logical role for LexA unrelated to DNA repair has been
suggested in several species of cyanobacteria [10–15]. In the
photosynthetic cyanobacterium, Synechocystis sp. strain PCC
6803, LexA was identiﬁed as a negative regulator of redox
responsive gene expression [12]. Independently, LexA was also
identiﬁed as a regulator of the bidirectional hydrogenase hox-
EFUYH [13,14] and carbon utilization genes [15]. Further
divergence from the established LexA paradigm is evident at
both the RNA and protein levels. Accumulation of lexA and
recA transcripts decreased following UV irradiation treatment*Corresponding author. Fax: +1 780 492 9234.
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doi:10.1016/j.febslet.2008.06.009[12,15,16] unlike the scenario observed in E. coli where DNA
damage stimulates induction of regulon members from 2- to
10-fold [3,17,18]. At the protein level, Synechocystis LexA
lacks the serine nucleophile and ALA–GLY cleavage bond,
sites important for LexA function in SOS regulated systems,
implying self-cleavage of the Synechocystis LexA is not in-
volved in derepression of regulon expression in this system
[12]. The observed diﬀerences between the E. coli and Synecho-
cystis proteins suggest that the identiﬁed Synechocystis protein
is a LexA orthologue rather than a true homologue [12].
In the present work, we demonstrate a speciﬁc interaction
between the Synechocystis LexA protein and the lexA pro-
moter and examine the nature of the LexA-target gene interac-
tion. Our analysis identiﬁed sequences important for DNA
binding by dimeric LexA.2. Materials and methods
2.1. Bacterial strains and growth conditions
Synechocystis sp. strain PCC 6803 was maintained at 30 C on BG-
11 agar [19] solidiﬁed with 1% (w/v) Bacto-Agar (Difco Laboratories,
Detroit, MI) and grown photoautotrophically under continuous illu-
mination at a constant intensity of 30 lE m2 s1. Liquid cultures were
aerated by shaking at 150 rpm and continuous bubbling with humidi-
ﬁed air. Dark conditions were created by wrapping the ﬂasks in alumi-
num foil.
E. coli strains DH5a and JM109 were used for propagation and pro-
tein expression of plasmid constructs, respectively. Cultures were
grown in Luria–Bertani (LB) medium at 37 C and aerated by shaking
at 200 rpm. Ampicillin (100 lg/ml) was added where appropriate.
2.2. PCR ampliﬁcation
PCR ampliﬁcation was performed using primer pairs listed in Sup-
plementary methods A1 in a volume of 50 ll, containing 0.2 lM pri-
mer and 2.5 U of High Fidelity PCR enzyme mix (Fermentas).
2.3. Generation, expression and puriﬁcation of NLexA and rLexA
The amino-terminal DNA binding domain of LexA (NLexA) was
produced by PCR ampliﬁcation and ligation into pRSETB vector
DNA (Invitrogen) producing pNLexA which expresses a recombinant
11.4 kDa HIS-LexA polypeptide encoding the N-terminal DNA bind-
ing domain. The NLexA and full-length LexA (rLexA) proteins were
expressed and puriﬁed as previously described [12].2.4. Electrophoretic mobility shift assays
EMSA were performed using the indicated recombinant proteins
and PCR-generated DNA fragments as previously described [12] with
the addition of BSA (0.05 mg/mL). DNA targets were end-labeled with
[c-32P]ATP using polynucleotide kinase (Fermentas) and puriﬁed by
non-denaturing gel electrophoresis. A 321 bp non-speciﬁc competitor
DNA was prepared to control for non-speciﬁc protein binding to the
lexA promoter [12]. The equilibrium dissociation constants (Kd) for
rLexA and NLexA binding to the crhR and lexA targets were deter-
mined from LexA saturation experiments, and the data quantiﬁed
using ImageQuant v. 4.1 (Molecular Dynamics).blished by Elsevier B.V. All rights reserved.
Fig. 1. Synechocystis LexA-related protein (rLexA) interacts with its
own promoter. (A) rLexA concentration curve. Increasing concentra-
tions of rLexA were incubated with 32P-labeled LPF 3:6. (B) DNA
competition assays. rLexA (100 nM) was incubated with 32P-labeled
LPF 3:6 and the indicated fold excess of either speciﬁc competitor
DNAs from the crhR and lexA genes (unlabeled LPF 3:6, lanes 3 and
4; unlabeled KC+5, lanes 5 and 6) or non-speciﬁc competitor DNA
(321 bp internal lexA fragment, lanes 7 and 8).
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DNase I footprinting assays were performed using the end-labeled
primers, GW0-45 or LPF-6. Binding reactions were performed for
20 min at 37 C in 1· binding buﬀer (10 mM Tris–HCl pH 7.5,
50 mM KCl, 2 mM DTT, 10% glycerol), 1 lg ssDNA, 15000 cpm
labeled target DNA, 2.5 mM CaCl2 and 5 mM MgCl2, and the indi-
cated rLexA concentration in a ﬁnal volume of 20 ll. DNaseI (Fer-
mentas), 0.025 U, digestion was performed for 10 s at 37 C, and
quenched by addition of 40 mM EDTA [20]. Reaction products
were separated on a denaturing (6 M urea) 6% polyacrylamide
sequencing gel and subjected to autoradiography. DNA sequencing
ladders were synthesized with the appropriate primers and template
DNA.
2.6. Binding site mutagenesis
Oligonucleotides used for mutagenesis are listed in Supplementary
methods A1; changes to the DNA sequence are in bold. Mutants
were produced by either Kunkel mutagenesis (53 and 54) or thermal
cycling plasmid mutagenesis (60–68) [21,22]. The 3 0 construct was
generated previously [12]. The 5 0 target and ﬂipped (f) constructs were
generated by EcoRI/SpeI and EcoRI/HincII restriction enzyme diges-
tion of CS0096-9 [23], respectively and ligation into pBSKS+ (Strata-
gene).
2.7. RNA EMSAs
Linearized plasmids KC+5 and JW-8 were used to generate
radioactive 173 nt crhR and 162 nt crhC transcripts [D. Chamot and
G. Owttrim, unpublished data], respectively, using the Promega
Riboprobe T7 system. RNA EMSAs were performed as previously de-
scribed [24].
2.8. Determination of rLexA oligomeric state
Size exclusion chromatography was used to determine the oligo-
meric state of rLexA in solution. Puriﬁed rLexA was separated on a
Superose 12 FPLC gel ﬁltration column calibrated with ﬁve protein
standards in 300 mM NaCl; 50 mM NaH2PO4 buﬀer. Fractions con-
taining rLexA were determined by colloidal Coomassie Brilliant Blue
G-250 staining and Western analysis. The oligomeric state of rLexA
and NLexA when bound to DNA was determined using the method
described by Orchard and May [25]. The PCR-ampliﬁed DNA frag-
ments, KC+5 [34] and GWO were end-labeled with [c-32P]ATP and
gel puriﬁed. Protein–DNA complexes and low molecular weight non-
denatured protein standards (Bio-Rad) were separated on 4.5%, 5%,
6%, 7%, 8%, 9% and 10% TBE non-denaturing polyacrylamide gels.
The Rf of each protein standard was plotted against the acrylamide
concentration and the slope determined to give a retardation coeﬃcient
(Kr). Plotting the Kr for each protein standard against its molecular
weight produces a standard curve from which the molecular weight
of the various protein–DNA complexes and the DNA target can be
determined.3. Results
3.1. Synechocystis LexA interacts with its own promoter
Recombinant LexA (rLexA) was used to test interaction
with the lexA gene. The LPF 3:6 target (313 bp) encompasses
the promoter, the 5 0 untranslated region and 100 bp of open
reading frame. Mobility of the lexA fragment was reduced
upon incubation with rLexA in a concentration dependent
manner (Fig. 1A). The speciﬁcity of binding was demonstrated
by competition assays using increasing concentrations of either
speciﬁc or non-speciﬁc competitor DNA. Addition of unla-
beled speciﬁc DNA targets, either LPF 3:6 (313 bp) or the
binding site in crhR, KC+5 (167 bp), challenged formation
of the shifted complex (Fig. 1B, lanes 3–6). In contrast, addi-
tion of a non-speciﬁc internal lexA fragment (321 bp) did not
signiﬁcantly alter mobility of the shifted target (Fig. 1B, lanes
7 and 8). These results suggest that rLexA interacts speciﬁcally
with its own promoter.3.2. Dissociation constants for rLexA and NLexA binding to the
crhR and lexA targets
LexA saturation experiments were performed to determine
the equilibrium dissociation constants (Kd) for rLexA and
NLexA binding to the crhR and lexA targets. The determined
Kd values for rLexA binding to the crhR and lexA targets are
57.8 ± 1.2 nM and 70.8 ± 1 nM, respectively. Truncated
NLexA, containing the amino-terminal DNA binding domain,
binds to the crhR target with a Kd of 891 ± 1.2 nM, 15.4-fold
weaker than binding by the full-length protein.
3.3. rLexA protected DNA contains direct repeat sequences
DNaseI footprinting identiﬁed sequences recognized by
rLexA within the crhR and lexA targets. Binding of rLexA
to the crhR gene protects the DNA from DNaseI digestion
with the degree of protection being protein concentration
dependent (Fig. 2A). rLexA binding protects 31 nucleotides
from +108 to +139 in crhR. Similarly, rLexA binding to the
lexA gene protects 34 nucleotides from 5 to +29 (Fig. 2B).
Identical results were observed in both cases when binding
was assayed on the opposite strand (data not shown). Align-
ment of the crhR and lexA protected sequences revealed
12 bp direct repeats in both sequences, the half-sites containing
two and three mismatches, respectively (Fig. 2C). Spanning
these direct repeats is a conserved sequence consisting of
CTA-N9-CTA within which the spacer region is A/T rich (7
of 9 bp) (Fig. 2D).
The existence of direct repeats together with sequence simi-
larities between the two targets was used to initiate further
study of the Synechocystis rLexA binding site. Initially, the
SpeI restriction site was used to separate the crhR binding site
into two half-sites (5 0 and 3 0 targets). As shown in Fig. 3B, loss
of sequences either 5 0 or 3 0 to the SpeI site reduced rLexA
Fig. 2. DNaseI footprint analysis. (A) KC+5 footprinting (crhR non-coding strand). 32P-labeled KC+5 was incubated with increasing concentrations
of rLexA and subject to DNaseI cleavage. (B) LPF 3:6 footprinting (lexA non-coding strand). 32P-labeled LPF 3:6 was incubated with increasing
concentrations of rLexA and subject to DNaseI cleavage. The boxed regions represent protected sequences. (C) Schematic of rLexA protected
sequences on the crhR and lexA targets. The transcription (+1) and translation start sites are underlined. The direct repeat sequences are indicated by
arrows and numbered sequentially. The CTA–N9–CTA motifs are boxed in blue. (D) Sequence logo of the CTA–N9–CTA direct repeat using
‘‘Weblogo’’ [33].
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addition (LPF-53; CCGCC) or deletion (LPF-54) of 5 bp re-
duced rLexA-crhR complex formation (compare lanes 2, 10
and 12). A 180 rotation of the binding site had minimal eﬀect
on rLexA binding capabilities (compare lanes 2 and 8). To
identify which sequences are important for rLexA binding to
the crhR gene, a total of nine mutated sequences were con-
structed (Fig. 3A, numbered 60–68). EMSA analysis using
the mutated targets identiﬁed sequences important for rLexA
recognition (Fig. 3C, compare lane 2 to lanes 6, 8, 10, 12
and 16) and those which did not signiﬁcantly alter rLexA bind-
ing activity (Fig 3C, compare lane 2 to lanes 4, 14, 18 and 20).The results conﬁrm that the direct repeats and speciﬁcally the
CTA–N9–CTA motif are important for LexA binding to the
crhR gene.
3.4. rLexA does not bind the crhR transcript
Due to the location of the LexA repressor binding site in
crhR, we were interested in determining whether rLexA binds
the crhR transcript and exerts its eﬀect on expression post-
transcriptionally. RNA gel shifts were performed using a T7-
generated transcript encompassing the complete rLexA bind-
ing site. rLexA does not speciﬁcally interact with the crhR
transcript as heparin progressively reduces rLexA binding
Fig. 3. Characterization of the crhR rLexA binding site. (A) Schematic of binding site mutants. The translation start site is underlined and the SpeI
restriction site shaded. The position of bp addition (53) is indicated by an arrowhead. Deleted bp are scored (54). ‘‘f’’ refers to a 180 rotation of the
binding site. Bp changes to the putative LexA binding site are shown in grey beneath the region of sequence mutagenized (60–68). (B and C) 32P-
labeled targets were incubated either in the absence () or the presence (+) at subsaturating concentrations. The relative level of binding for a
representative gel is shown below each lane, as determined using ImageQuant.
Fig. 4. RNA–rLexA binding analysis. (A) rLexA-crhR RNA interac-
tion. rLexA was incubated with a T7-generated 32P-labeled crhR
transcript in the absence (lane 2) or the presence (lanes 3 and 4) of
increasing concentrations of heparin. (B) Speciﬁcity of rLexA–RNA
interactions. As a control reaction, rLexA was incubated with crhC
transcript in the absence (lane 2) and the presence of heparin (lane 3).
crhC expression is not known to be regulated by LexA.
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was also shown using the crhC transcript, whose expression
is not expected to be regulated by LexA (Fig. 4B, lanes 1
and 2). Taken together, these results suggest rLexA binds
non-speciﬁcally to RNA and consequently does not appear
to exert its eﬀect on gene expression at the post-transcriptional
level.
3.5. rLexA binds the crhR gene as a dimer
Since the LexA-protected sequences contain direct repeats,
we were interested in determining the oligomeric state of Syn-
echocystis rLexA in the presence and absence of DNA target.
In solution, rLexA exists predominately as a monomer at low
protein concentration (Fig. 5A). We then determined the
molecular masses of the rLexA-crhR and NLexA-crhR com-
plexes using the EMSA-based method described by Orchard
and May [25] which assumes the analyzed proteins have a
similar shape to the protein standards used. Two DNA targets
were tested both encompassing the LexA binding site on crhR
as demonstrated by DNaseI footprinting. The molecular
masses of the rLexA-GWO DNA and rLexA-KC+5 DNA
complexes were 91 kDa and 104 kDa, respectively (Fig. 5B).
The calculated molecular mass of the DNA targets themselves
were 32.5 kDa for GWO and 45 kDa for KC+5. Subtracting
the contributions of the target DNA, the molecular masses
for the two complexes formed were 58.5 kDa and 59 kDa,
respectively. rLexA has a predicted molecular weight of
29.3 kDa indicating that the complexes formed on the two
DNA targets are composed of dimeric rLexA. In contrast,
NLexA exhibited a molecular mass of 9.3 kDa, consistent
with binding of a monomer (Fig. 5B). Taken together, theseresults show LexA exists predominately as a monomer in solu-
tion and dimerizes upon binding to its DNA targets. Further-
more, the C-terminal domain is important for protein
dimerization.
Fig. 5. rLexA oligomeric state. (A) Superose 12 FPLC gel ﬁltration column elution proﬁle. The elution volume for the protein standards: (1) b-amylase
(200 kDa), (2) albumin (66 kDa), (3) carbonic anhydrase (29 kDa), (5) cytochrome-C (12.4 kDa) and (4) rLexA (26.7 k Da) are indicated by arrows.
Western-blot analysis column fractions containing rLexA is included as an insert. (B) An EMSA-based protocol [26] was used to determine the
oligomeric states of rLexA and NLexA when bound to the diﬀerent DNA targets encompassing the crhR binding site (GWO and KC+5). Molecular
weight standards: phosphorylase B (97.5 kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase (31 kDa), and trypsin
inhibitor (21.5 kDa) are indicated by small diamonds (¤).
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In this paper, we showed that LexA interacts with its own
promoter in addition to the previously identiﬁed targets crhR
[12] and hoxEFUYH [13,14]. Furthermore, we have character-
ized the LexA–DNA interaction by analyzing DNA binding
aﬃnity, oligomeric state and sequences important for protein
binding. The insights obtained regarding the LexA binding site
improve our understanding of the mechanism by which LexA-
regulates gene expression and provide information by which
additional members of the LexA-regulon can be identiﬁed, aid-
ing our ability to deﬁne the physiological role LexA performs
in Synechocystis.
Our analysis has demonstrated rLexA interacts with the
crhR and lexA genes in a sequence speciﬁc and concentration
dependent manner, binding to a sequence covering +1 and
extending into the 5 0 untranslated region in lexA and a region
covering the ATG translation initiation codon in crhR. LexA
binding sites within the 5 0 UTR and close to the translational
start site have also been identiﬁed for the lexA-recA operons of
Xylella fastidiosa and the Mycobacterium tuberculosis Rv3074
and Rv3766 genes [8,26]. The existence of alternative locations
for the LexA binding motif in other bacterial species suggest
LexA may not exert transcriptional control solely through ste-
ric hindrance of RNA polymerase binding. These observationsimply a diﬀerent mechanism of regulation by LexA from the
E. coli system. In addition, evidence presented here indicates
that while rLexA binds RNA transcribed from the promoter
region of the crhR gene, it does so non-speciﬁcally. These re-
sults suggest that Synechocystis LexA does not regulate gene
expression post-transcriptionally by binding to target RNA
transcripts and inhibiting translation initiation.
Mutagenic analysis of LexA protected regions within the
crhR gene identiﬁed sequences important for protein recogni-
tion and binding to target DNA sequences. Similarly, the dis-
tance and orientation of the direct repeats on the DNA helix
were shown to be important for proper rLexA-crhR complex
formation. Together with comparative sequence analysis,
site-directed mutagenesis identiﬁed a CTA–N9–CTA sequence
in the crhR and lexA targets as important for LexA binding.
The spacer region is AT rich with 7 of 9 bp being A or T res-
idues. Our analysis of sequences within the hox promoter re-
gion, previously shown to interact with the LexA protein
[13], reveals several CTA–N9–CT(A/T) repeats further suggest-
ing their importance in LexA recognition of its DNA targets.
LexA binding to direct repeats has also been shown for other
bacterial species, including Rhodobacter sphaeroides, Rhizo-
bium etli and Paracoccus denitriﬁcans [27,28]. Anabaena LexA
whose binding site is GTAC–N4–GTWC could also be de-
scribed as encoding direct repeats [29,30]. Taken together with
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tic feature of cyanobacterial LexA binding sites.
The 2-fold symmetry of the DNA binding sites suggests Syn-
echocystis LexA binds DNA targets as a dimer. Gel-exclusion
chromatography revealed rLexA exists predominately as a
monomer in solution while EMSA-based analysis indicated
LexA dimerization upon interaction with the crhR binding site.
The inability to detect LexA dimers during size exclusion chro-
matography may be related to the low rLexA concentrations
employed (<20 pM), suggesting that Synechocystis LexA
maybe a dimer in solution, as observed in E. coli [31]. The
importance of dimerization in LexA–DNA interactions is
emphasized by comparison of the binding constants for the
full-length protein and the carboxyl terminal truncated LexA
proteins. The truncated protein binds with signiﬁcantly re-
duced aﬃnity compared to the full-length protein. The weaker
aﬃnity may be attributed to decreased dimerization capacity
due to loss of the carboxyl dimerization domain, as observed
for binding of the amino-terminal E. coli LexA to the uvrA
SOS box [32,33].
Our previous data [12] combined with the current results
provide further evidence that the Synechocystis gene annotated
as LexA is functionally divergent from the canonical regulator
of SOS gene expression in other bacteria. The Synechocystis
LexA protein shares 27%, 48% and 38% identity with the E.
coli LexA over the entire protein, the N-terminal (DNA bind-
ing) and the C-terminal (dimerization and self-cleavage),
respectively. Thus, the two proteins are distantly, but obvi-
ously related, indicating the potential for functional divergence
with respect to both domains. The lack of both the ALA–GLY
bond and the serine nucleophile suggest protein self-cleavage is
not responsible for LexA derepression in Synechocystis [12,30].
Thus, the mechanism(s) by which LexA activity is altered to
regulate binding and derepression of the Synechocystis LexA
regulon remain to be investigated.
In conclusion, characterization of the Synechocystis LexA-
orthologue has revealed additional insights into the mecha-
nism by which LexA interacts with two target genes. The se-
quence conservation between the crhR and lexA binding sites
suggests a functional signiﬁcance for the CTA–N9–CTA motif
which will assist identiﬁcation of additional LexA target genes,
providing greater insight into the physiological role performed
by LexA in Synechocystis. These results demonstrate the evo-
lutionary divergence of bacterial LexA proteins speciﬁcally
with respect to regulon members and recognition binding se-
quence illustrating the ability of regulatory circuits to evolve
to best suit the environmental niche inhabited by an organism.
Acknowledgements: This work was supported by grants from the
Natural Sciences and Engineering Research Council of Canada
(NSERC Grant 171 319 to G.W.O.) and NSERC PGS D and Alberta
Ingenuity Fund studentships to L.P.F. The authors would like to
thank Troy Locke for performing the size exclusion chromatography
and Dr. Danuta Chamot for her invaluable help through the course
of this study.Supplementary material
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febslet.2008.06.
009.References
[1] Little, J.W. and Mount, D.W. (1982) The SOS regulatory system
of Escherichia coli. Cell 29, 11–22.
[2] Ferna´ndez de Henestrosa, A.R., Ogi, T., Aoyagi, S., Chaﬁn, D.,
Hayes, J.J., Ohmori, H. andWoodgate, R. (2000) Identiﬁcation of
additional genes belonging to the LexA regulon in Escherichia
coli. Mol. Microbiol. 35, 1560–1572.
[3] Little, J.W. (1984) Autodigestion of lexA and phage k repressors.
Proc. Natl. Acad. Sci. USA 81, 1375–1379.
[4] Shepley, D.P. and Little, J.W. (1996) Mutant LexA proteins with
speciﬁc defects in autodigestion. Proc. Natl. Acad. Sci. USA 93,
11528–11533.
[5] Slilaty, S.N. and Little, J.W. (1987) Lysine-156 and serine-119 are
required for LexA repressor cleavage: a possible mechanism.
Proc. Natl. Acad. Sci. USA 84, 3987–3991.
[6] Walker, G.C. (1984) Mutagenesis and inducible responses to
deoxyribonucleic acid damage in Escherichia coli. Microbiol. Rev.
48, 60–93.
[7] Au, N., Kuester-Schoeck, E., Mandava, V., Bothwell, L.E.,
Canny, S.P., Chachu, K., Colavito, S.A., Fuller, S.N., Groban,
E.S., Hensley, L.A., OBrein, T.C., Shah, A., Tierney, J.T.,
Tomm, L.L., OGara, T.M., Goranov, A.I., Grossman, A.D. and
Lovett, C.M. (2005) Genetic composition of the Bacillus subtilis
SOS system. J. Bacteriol. 187, 7655–7666.
[8] Davis, E.O., Dullaghan, E.M. and Rand, L. (2002) Deﬁnition of
the mycobacterial SOS box and use to identify LexA-regulated
genes inMycobacterium tuberculosis. J. Bacteriol. 184, 3287–3295.
[9] Miller, M.C., Resnick, J.B., Smith, B.T. and Lovett, C.M. (1996)
The Bacillus subtilis dinR gene codes for the analogue of the
Escherichia coli LexA. J. Biol. Chem. 271, 33502–33508.
[10] Ferreira, D., Leita˜o, E., Sjo¨holm, J., Oliveira, P., Lindblad, P.,
Morades-Ferreira, P. and Tamagnini, P. (2007) Transcription and
regulation of the hydrogenase(s) accessory genes, hypFCDEAB, in
the cyanobacterium Lyngbya majuscula CCAP 1446/4. Arch.
Microbiol. 188, 609–617.
[11] Sjo¨holm, J., Oliveira, P. and Lindblad, P. (2007) Transcription
and regulation of the bidirectional hydrogenase in the cyanobac-
terium Nostoc sp. strain PCC 7120. Appl. Environ. Microbiol. 73,
5435–5446.
[12] Patterson-Fortin, L.M., Colvin, K.R. and Owttrim, G.W. (2006)
A LexA-related protein regulates redox-sensitive expression of the
cyanobacterial RNA helicase, crhR. Nucl. Acid Res. 34, 3446–
3454.
[13] Oliveira, P. and Lindblad, P. (2005) LexA, a transcriptional
regulator binding in the promoter region of the bidirectional
hydrogenase in the cyanobacterium Synechocystis sp. PCC 6803.
FEMS Microbiol. Lett. 251, 59–66.
[14] Gutekunst, K., Phunpruch, S., Schwarz, C., Schuchardt, S.,
Schulz-Friedrich, R. and Appel, J. (2005) LexA regulates the
bidirectional hydrogenase in the cyanobacterium Synechocystis
sp. PCC 6803 as a transcription activator. Mol. Microbiol. 58,
810–823.
[15] Domain, F., Houot, L., Chauvat, F. and Cassier-Chauvat, C.
(2004) Function and regulation of cyanobacterial genes lexA,
recA and ruvB: LexA is critical to the survival of cells facing
inorganic carbon starvation. Mol. Microbiol. 53, 65–80.
[16] Huang, L., McCluskey, M.P., Ni, H. and LaRossa, R.A. (2002)
Global gene expression proﬁles of the cyanobacterium Synecho-
cystis sp. strain PCC 6803 in response to irradiation with UV-B
and white light. J. Bacteriol. 184, 6845–6858.
[17] Quillardet, P., Rouﬀaud, M.A. and Bouige, P. (2003) DNA array
analysis of gene expression in response to UV irradiation in
Escherichia coli. Res. Microbiol. 154, 559–572.
[18] Courcelle, J., Khodursky, A., Peter, B., Brown, P.O. and
Hanawalt, P.C. (2001) Comparative gene expression proﬁles
following UV exposure in wild-type and SOS-deﬁcient Escherichia
coli. Genetics 158, 41–64.
[19] Rippka, R., Deruelles, J., Waterbury, J.B., Herdman, M. and
Stanier, R.Y. (1979) Generic assignments, strain histories and
properties of pure culture of cyanobacteria. J. Gen. Microbiol.
111, 1–61.
[20] Campoy, S., Fontes, M., Padmanabam, S., Corte´s, P., Llagostera,
M. and Barbe´, J. (2003) LexA-independent DNA damage-
2430 L.M. Patterson-Fortin, G. W. Owttrim / FEBS Letters 582 (2008) 2424–2430mediated induction of gene expression in Myxococcus xanthus.
Mol. Microbiol. 49, 769–781.
[21] Sawano, A. and Miyawaki, A. (2000) Directed evolution of green
ﬂuorescent protein by a new versatile PCR strategy for site-
directed and semi-random mutagenesis. Nucl. Acid Res. 28, E78.
[22] Kunkel, T.A., Bebenek, K. and McClary, J. (1991) Eﬃcient site-
directed mutagenesis using uracil-containing DNA. Meth. Enz-
ymol. 204, 125–139.
[23] Kujat, S.L. and Owttrim, G.W. (2000) Redox-regulated RNA
helicase expression. Plant Physiol. 124, 703–713.
[24] Sparanese, D. and Lee, C.H. (2006) CRD-BP shields c-myc and
MDR-1 RNA from endonucleolytic attack by a mammalian
endoribonuclease. Nucl. Acid Res. 35, 1209–1221.
[25] Orchard, K. and May, G.E. (1993) An EMSA-based method for
determining the molecular weight of a protein–DNA complex.
Nucl. Acid Res. 21, 3335–3336.
[26] Campoy, S., Mazo´n, G., Ferna´ndez de Henestrosa, A.R.,
Llagostera, M., Monteiro, P.B. and Barbe´, J. (2002) A new
regulatory DNA motif of the gamma subclass Proteobacteria:
identiﬁcation of the LexA protein binding site of the plant
pathogen Xylella fastidiosa. Microbiology 148, 3583–3597.
[27] Ferna´ndez de Henestrosa, A.R., Rivera, E., Tapias, A. and Barbe´,
J. (1998) Identiﬁcation of the Rhodobacter sphaeroides SOS box.
Mol. Microbiol. 25, 991–1003.[28] Tapias, A. and Barbe´, J. (1998) Mutational analysis of the
Rhizobium etli recA operator. J. Bacteriol. 180, 6325–6331.
[29] Erill, I., Campoy, S. and Barbe´, J. (2007) Aeons of distress: an
evolutionary perspective on the bacterial SOS response. FEMS
Microbiol. Rev. 31, 637–656.
[30] Mazo´n, G., Lucena, J.M., Campoy, S., Ferna´ndez de Henestrosa,
A.R., Candau, P. and Barbe´, J. (2004) LexA-binding sequences in
gram positive and cyanobacteria are closely related. Mol. Gen.
Genet. 271, 40–49.
[31] Mohana-Borges, R., Pacheco, A.B.F., Sousa, F.J.R., Foguel, D.,
Almeida, D.F. and Silva, J.L. (2000) LexA repressor forms stable
dimers in solution. The role of speciﬁc DNA in tightening
protein–protein interactions. J. Biol. Chem. 275, 4708–4712.
[32] Schnarr, M., Granger-Schnarr, M., Hurstel, S. and Pouyet, J.
(1988) The carboxy-terminal domain of the LexA repressor
oligomerises essentially as the entire protein. FEMS Microbiol.
Lett. 234, 56–60.
[33] Bertrand-Burggraf, E., Hustel, E.S., Daune, M. and Schnarr, M.
(1987) Promoter properties and negative regulation of the uvrA
gene by the LexA repressor and its amino-terminal DNA binding
domain. J. Mol. Biol. 193, 293–302.
[34] Crooks, G.E., Hon, G., Chandonia, J.-M. and Brenner, S.E.
(2004) WebLogo: a sequence logo generator. Genome Res. 14,
1188–1190.
